Dependence of Curie Temperature on the Thickness of Epitaxial (Ga,Mn)As Film 
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We present the magnetotransport properties of very thin (5 to 15 nm) single (Ga,Mn)As layers 
grown by low temperature molecular beam epitaxy. A lower (Ga,Mn)As thickness limit of 5 nm 
for the ferromagnetic phase and the dependence of the Curie temperature on (Ga,Mn)As thickness 
are determined from electrical transport measurements. The Curie temperature is determined to be 
97 K for the thinnest ferromagnetic sample and is found to decrease for increasing layer thickness. 
A carrier density of 7.1xl0 20 cm -3 for the 5 nm thick (Ga,Mn)As layer is determined from Hall 
measurements. Differences between magnetotransport properties of thick and thin (Ga,Mn) As layers 
are observed and discussed. 

PACS numbers: 75.50.Pp, 75.70.-i, 73.50.-h 



Since the discovery of ferromagnetism in III-V diluted 
magnetic semiconductors (DMS) jlj, |j, they have been 
proposed to be good candidates for model devices in the 
rapidly expanding field of Spintronics B. (Ga,Mn)As is 
a ferromagnetic (FM) semiconductor and it is by now 
well established that ferromagnetism in this compound 
is induced by exchange interactions between localised 
Mn magnetic moments and valence band holes |). 
The highest Curie temperature of para- to ferromagnetic 
phase transition (T c ) obtained so far for (Ga,Mn)As was 
known to be 110 K B, however slightly higher values, 
close to 130 K have been reported recently by two differ- 
ent groups 0, |j. 

As shown by many groups the electric and magnetic 
properties of (Ga,Mn)As are strongly dependent on the 
growth conditio ns P, |10| and post-growth annealing pro- 
cedures jy], [t|, |13|, [14] , since in the case of (Ga,Mn)As 
with the same Mn content, both factors are affecting con- 
centration and/or distribution of compensating donor- 
like defects such as Mn interstitials |H| |l6| and As anti- 
sites 0, @. 

GaAs/(Ga,Mn)As Superlattices (SL) are promising 
candidates for enhancing T c due to the strong confine- 
ment of holes in the magnetic layers in these struc- 
tures []l9| . In this context, the lower thickness limit of the 
magnetic layer is interesting. In the studies of SL with 
magnetic (Ga,Mn)As layers separated by nonmagnetic 
AlGaAs or InGaAs spacers, the ferromagnetic phase is 
seen to disappear when the thickness of the magnetic 
layers is below 5 nm |l(], |2^, pl| . Our recent investiga- 
tions show that the paramagnetic- to ferromagnetic phase 
transition occur for (Ga,Mn)As layers as thin as 4 - 8 ML 
(1.1 - 2.3 nm) in (Ga,Mn) As/GaAs SL §| H- 

The Curie temperature dependence on the thickness 
of single (Ga,Mn)As layers has previously been studied 
by F. Matsukura et al. Hj. The studied samples had 
thicknesses in the range between 10-1000 nm, showing a 
decreasing T c for increasing layer thickness, but no inves- 
tigations on the lower limit for the ferromagnetic phase 



to appear is reported. 

Theoretical results concerning ferromagnetism in 
(Ga,Mn)As quantum well structures J2f| p6) predict de- 
pendence of Curie temperature on (Ga,Mn)As well width 
as well as the limit of thickness for the FM phase to oc- 
cur to be about 2.5 nm. According to the theoretical re- 
sults of M. A. Boselli et al. Q the FM phase transition 
temperature in a (Ga,Mn)As quantum well is decreasing 
with increasing well width. It's therefore interesting to 
investigate the low thickness limit for the FM phase to 
occur in (Ga,Mn)As in view of increasing T c beyond the 
present limit of 110 K § and 130 K [j], §. 

Recently the FM phase transition has been detected by 
transmission magnetic circular dichroism measurements 
for (Ga,Mn)As layers as thin as 2 nm |27j ), however to 
our knowledge no results of transport or magnetization 
measurements have been published for single (Ga,Mn)As 
layers thinner than 10 nm. 

In this letter we report that the experimental thickness 
for FM phase in single Gao.95Mno.05As layer estimated 
from magnetotransport measurements is equal to 5 nm 
and the corresponding Curie temperature is T c =97 K. 
T c is found to decrease with increasing film thickness. 
A carrier density of 7.1xl0 20 cm~ 3 is determined from 
Hall-measurements for the 5 nm thick layer at T=300 
mK. 

We have studied four samples grown by MBE under 
the same conditions and with the following growth se- 
quence: 200 nm standard high temperature GaAs buffer 
layer and 20 nm low temperature (LT) GaAs is grown on 
semi-insulating epi-ready GaAs(100) wafers followed by a 
Gao.95Mno.05As layer with thicknesses of 3, 5, 10 and 15 
nm respectively. The (Ga,Mn)As layers are then capped 
by a 3 nm thick low temperature GaAs layer. The sam- 
ples are made in a 100 /im wide Hallbar geometry defined 
by standard UV-lithography and wet chemical etching. 
Au/Zn/Au contacts are deposited, followed by annealing 
at 240 °C for one hour in a nitrogen atmosphere in or- 
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der to create ohmic contacts and to reach the optimum 
T c (H, HI, Q. All the data presented is obtained by 
standard dc-measurements. 

Figure 1 shows the sheet resistance of the four sam- 
ples as a function of temperature, in zero magnetic field. 
The 3 nm sample shows an insulating behavior while the 
thicker samples have so-called metallic behavior, with a 
local maximum in the resistance. This local maximum is 
common in magnetic metals and semiconductors and is 
in the region of the transition temperature between the 
para- and ferromagnetic phase 
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ima in the sheet resistance for the samples with thickness 
of 5, 10 and 15 nm are indicated by the vertical lines and 
occur at around T=121 K, 117 K and 109 K respectively 
indicating that the Curie temperature decreases with in- 
creasing film thickness. This is in agrement with the 
results by F. Matsukura et al. J24|. These data indicate 
a very hi gh Curie temperature compared with other thin 
films H, |1 and SL structures @ ||, |f, §f|. The sheet 
resistance of the 5, 10 and 15 nm thick samples decreases 
with increasing layer thickness as expected, giving a re- 
sistivity of approximately 3.5 mficm at T=300 K. 

An estimate of the Curie temperature has been ob- 
tained by Hall measurements in magnetic fields up to 2 
T. The sheet- and Hall resistance as a function of applied 
perpendicular magnetic field at different temperatures, is 
presented in figure 2 for the 5 nm thick Gao.95Mno.05As 
thin film. The sheet resistance exhibit the same behavior 
as seen in thick (Ga,Mn)As films |^|. The overall negative 
magnetoresistance can be understood as a reduction of 
random spin-flip scattering due to the alignment of spins 
by the applied magnetic field. This has been described 
for thick (Ga,Mn)As samples, at temperatures above T c , 
by the spin disorder formula, as a decrease in scattering 
of charge carriers by spin-fluctuations via the exchange 
coupling with increasing magnetic field At tempera- 
tures below the Curie temperature a positive magnetore- 
sistance appears at low magnetic fields. The easy axis of 
magnetization is in the plane of the thin film. The pos- 
itive magnetoresistance is believed to be caused by the 
turning of the magnetization direction from the sponta- 
neous in-plane direction to the perpendicular direction 
by the applied magnetic field causing an increased 
spin-disorder. This behavior of the magnetoresistance is 
seen in all the FM thin films. 

The Hall resistance is dominated by the anomalous 
Hall effect, which may be written as: 
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(1) 



R is the ordinary Hall coefficient and depends on the car- 
rier density, Rs is the anomalous Hall coefficient and M 
is the magnetization of the sample parallel to the applied 
magnetic field B. d is the thickness of the (Ga,Mn)As 
film. As can be seen in figure 2b, the Hall resistance at 
2 T increases with decreasing temperature. At 70 K it 
starts to decrease again. This behavior is seen in all the 
FM thin films. The Hall resistance measured at 10 K is 



shown as an inset in figure 2b for both sweep directions 
of the magnetic field. There is a broad bump at posi- 
tive magnetic fields independent of sweep direction and 
a smaller anomaly that depends on sweep direction. The 
broad bump does not appear in the thicker samples and 
the origin of this may be due to a mixture of longitudinal 
and transverse resistances. The smaller anomaly is only 
present when the magnetic field is swept from zero and 
out and appears before the magnetization is turned out 
of plane. 

For thick (Ga,Mn)As layers, Rs has been shown to 
be given by Rs/d = cR s heet (Skew scattering) g, §]. c 
is a constant. Recent experiments shows that an addi- 
tional term due to side-jump scattering can be of impor- 
tance j7j. Since the Anomalous Hall effect is dominant 
in this low magnetic field range, it is not possible to de- 
termine the carrier density. The temperature at which 
the sample magnetization is finite at zero applied mag- 
netic field, can be found from extrapolation of a so-called 
Arrott plot assuming skew scattering |6). The Arrott 
plot for the 5 nm sample is shown in figure 3a, where 
(R H /Rsheet) 2 is plotted as a function of B / (R H / R sheet ). 
The sample magnetization squared is proportional to the 
value of intersection of the (RH/Rsheet) 2 axis by the 
back-extrapolated linear part from high magnetic fields. 
From this, a Curie temperature of 97 K is determined. It 
should be noted that this is a low estimate of the Curie 
temperature since a more accurate extrapolation can be 
obtained by applying a higher magnetic field. The Curie 
temperature of the three samples determined from Hall 
measurements is shown in figure 1, together with the re- 
sults obtained from the maximum in the sheet resistance 
as a function of temperature. The discrepancy between 
the results from the two methods is enhanced by the fact 
that T c determined by Hall measurement is a lower es- 
timate, as mentioned above, but it is also clear that the 
maximum in sheet resistance as a function of tempera- 
ture is not a good estimate of the Curie temperature in 
these thin films. There is some uncertainty as to T c for 
the 10 nm thick sample, since the sample changed during 
Hall measurement. 

The value of Rnaii /Rsheet at the intersection from the 
Arrott plot is shown in figure 3b as a function of tem- 
perature for the 5 nm thick thin film. A maximum in 
Rho,ii/ Rsheet is seen to occur between 60-70 K, below 
which the magnetization starts to drop in accordance 
with the drop in the Hall resistance as discussed earlier. 
Such behavior is not seen in thick (Ga,Mn)As films, but 
the relative drop in magnetization with decreasing tem- 
perature decreases with increasing (Ga,Mn)As thickness, 
thus indicating that this may be a thin film property. 
Since the anomalous Hall term is not a direct measure of 
magnetization, other types of measurements are needed 
to understand this behavior in more detail. 

A carrier density of 7.1 xlO 20 cm~ 3 has been deter- 
mined from Hall measurements in a magnetic field up to 
12 T for the 5 nm thick thin film at T=300 mK, by fitting 
the data to eq. (1). The magneto- and Hall resistance 
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is shown in figure 4. Beside the positive magnetoresis- 
tance at low magnetic fields a second maximum appears 
at 4 T. So far we do not know to what physical mech- 
anism we can attribute this behavior, which is not seen 
in thick (Ga,Mn)As films. Due to large negative magne- 
toresistance, high magnetic fields are usually required in 
order to determine the carrier density, but in this case, 
the negative magnetoresistance is less that 1% and it is 
possible to obtain a linear fit from about 6 T to equa- 
tion (1), assuming Skew scattering and using cM as a 
fitting parameter. See figure 4. The density of magnetic 
ions for 5% Mn is about 1.1 nm~ 3 . The carrier density 
corresponds to an acceptor efficiency of 65%, which is 
high compared to what is seen in thick (Ga,Mn)As films, 
where the carrier density is obtained in the same way. 

The RKKY approach by Boselli et al. |^5| , though us- 
ing an acceptor efficiency of 25%, shows a decrease in 
Curie temperature with increasing quantum well width. 
This is due to the increasing competition between ferro- 
and antiferromagnetic exchange coupling, resulting in a 
non-collinear spin phase. Antiferromagnetic exchange 
may play a role in these thin films, since the mean free 
path is determined to be 0.5 nm using an effective mass 
of 0.5m o , mo being the electron rest mass, and the period 
of the RKKY oscillations is given by ir/kf = 1.14 nm for 
the 5 nm thick film. F. Matsukura et al. |24| relate their 
observed increase in Curie temperature with decreasing 
(Ga,Mn)As layer thickness, to the observed dependence 
of magnetic anisotropy on the thickness of the layer. The 
Curie temperature also depends on the carrier density || , 



but this has yet to be investigated for these thin films. 

In summary we have investigated the magnetotrans- 
port properties of very thin (Ga,Mn)As layers contain- 
ing 5% Mn in the thickness range of 3 nm to 15 nm 
and found the thickness limit of 5 nm for ferromagnetic 
phase transition in single (Ga,Mn)As layer embedded in 
LT GaAs. Thinner (Ga,Mn)As films were highly resistive 
and show no evidence of a para- to ferromagnetic phase 
transition, but the thickness limit for the FM phase in 
single (Ga,Mn)As may be lower than reported here. The 
Curie temperature for the ferromagnetic layers is seen 
to decrease with increasing layer thickness. Significant 
differences between the magnetotransport properties of 
thick and thin (Ga,Mn)As films have been observed. Due 
to the very low negative magnetoresistance at 300 mK 
and magnetic fields in the range of - 12 T we could 
estimate the density of holes in 5 nm thick (Ga,Mn)As 
film with 5% Mn to be as high as 7.1 xlO 20 cm -3 , which 
means 65% doping efficiency of Mn acceptors. 
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FIG. 1: Sheet resistance R a function of temperature 

for four different thicknesses of Gao.95Mno.05As thin film. The 
vertical lines for the different samples show the maximum in 
Rsheet- The crosses shows the Curie temperature T c , obtained 
from Hall measurements. An enlarged graph for the 5 nm thin 
film is shown in the inset. 
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FIG. 2: a) Sheet resistance R s h function of perpendic- 

ular applied magnetic field for the 5 nm thick Gao.95Mno.05As 
thin film at different temperatures, b) The corresponding Hall 
resistance for the same sample. The Hall resistance for differ- 
ent sweep directions are shown as inset. 
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FIG. 3: a) Arrott plot of the data obtained from the 5 nm 
thick Gao.95Mno.05 As thin film at different temperatures. The 
lines are linear extrapolations of the data at the highest mag- 
netic fields, b) The value of Ruaii/Rsheet at the intersection 
as determined from the Arrott plot. 
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FIG. 4: Magnetoresistance of the 5 nm thick Gao.95Mno.05As 
thin film at T=300 mK. The Hall resistance and the linear fit 
to eq. (1), assuming Skew scattering, is shown as insets. cM 
is the fitting parameter. 



